Traditionally, superior sulcus tumors of the lung that involve the chest wall and spinal column have been considered to be unresectable, and historically, patients harboring these tumors have been treated with local radiation therapy with, at best, modest results. The value of gross-total resection remains unclear in this patient population; however, with the recent advances in surgical technique and spinal instrumentation, procedures involving more radical removal of such tumors are now possible. At The University of Texas M. D. Anderson Cancer Center, the authors have developed a new technique for resecting superior sulcus tumors that invade the chest wall and spinal column. They present a technical description of this procedure and results in nine patients in whom stage IIIb superior sulcus tumors extensively invaded the vertebral column. These patients underwent gross-total tumor resection via a combined approach that included posterolateral thoracotomy, apical lobectomy, chest wall resection, laminectomy, vertebrectomy, anterior spinal column reconstruction with methylmethacrylate, and placement of spinal instrumentation. There were six men and three women, with a mean age of 55 years (range 36-72 years). Histological examination revealed squamous cell carcinoma (three patients), adenocarcinoma (four patients), and large cell carcinoma (two patients). The mean postoperative follow-up period was 16 months. All patients are currently ambulatory or remained ambulatory until they died. Pain related to tumor invasion improved in four patients and remained unchanged in five. In three patients instrumentation failed and required revision. There was one case of cerebrospinal leak that was treated with lumbar drainage and one case of wound breakdown that required revision. Two patients experienced local tumor recurrence, and one patient developed a second primary lung tumor. The authors conclude that in selected patients, combined radical resection of superior sulcus tumors of the lung that involve the chest wall and spinal column may represent an acceptable treatment modality that can offer a potential cure while preserving neurological function and providing pain control.
Pancoast tumors, are bronchogenic carcinomas that can invade the lower roots of the brachial plexus, sympathetic chain, mediastinal structures, spinal column, and adjacent ribs and chest wall. Numerous authors have observed that when these tumors advance to the point where they involve the great vessels, trachea, esophagus, and vertebral bodies (stage IIIb: vertebral body or mediastinal organ involvement; no lymphnodes with mediastinal nodes positive contralateral to the tumor or supraclavicular nodes positive; and distant metastasis present), they have a very poor prognosis. [6, 8, [12] [13] [14] 20] More specifically, it has been noted that vertebral body invasion is clearly a negative prognostic factor. In a report by Ginsberg, et al., [6] the authors found only two 5-year survivors out of 22 patients in whom the tumor involved the vertebral body and who had undergone resection. Komaki, et al., [12] found similar results in 18 patients, although some of these patients may have undgergone retreatment with radiation therapy alone. Neither Wright and colleagues [20] nor Maggi and associates [13] reported any 5-year survivors.
The treatment of patients who harbor locally advanced Pancoast tumors remains controversial. Whereas the results of multiple studies have proved the utility of performing gross-total resection in patients with less extensive disease, many surgeons believe that complete resection is either not warranted or not feasible in patients who harbor stage IIIb tumors. [1, 8, 12, 13, 15, 16, 19, 20] Indeed, the value of gross-total resection remains unclear in this patient population; however, with recent advances in surgical technique and spinal instrumentation, more radical removal of such tumors is now possible. The historical contraindications to surgical resection, which included invasion of the brachial plexus, subclavian artery, and vertebral bodies, no longer apply. [2, 3, 17, 18] At The University of Texas M. D. Anderson Cancer Center, we have developed a technique for resecting superior sulcus tumors that invade the chest wall and spinal column. We present a technical description of this procedure and our results in nine patients with stage IIIb superior sulcus tumors who all had extensive invasion of the vertebral column that necessitated vertebral body resection, anterior column reconstruction, and posterior instrumentation as well as apical lobectomy and chest wall resection.
SURGICAL TECHNIQUE
The surgical procedure is illustrated in Figs. 1 and 2. After induction of general anesthesia and intubation of the patient with a double lumen endotracheal tube, correct positioning is verified bronchoscopically. Fiber optic bronchoscopy also allows visualization of subsegmental levels to assess endobronchial disease. The patient is then placed in a lateral decubitus position with his head secured in a Mayfield fixator. An extended standard posterolateral thoracotomy is performed, and the chest cavity is entered. In cases of peripherally situated tumors, the apical segment of the upper lobe of the lung is separated from the remaining superior lobe by using a GIA-75 stapler (Ethicon Endosurgery Inc., Cincinnati, OH). At this point, the apex of the lung is left attached to the chest wall. The first through third, fourth, or fifth ribs are then sectioned anteriorly. The subclavian artery is sharply dissected from the surrounding structures. A subperiosteal dissection is performed around the first rib, which is transected, and the subclavian vessels are mobilized superiorly. If, as visualized by preoperative magnetic resonance imaging, the vessels are involved, an initial anterior approach is performed to dissect or graft the vessels. A posterior midline incision is then made, which is connected to the thoracotomy incision, and laminectomies are performed to expose the epidural tumor and nerve roots (Fig. 1 insert) . The tumor is dissected free from the dura, and the nerve roots are identified and transected when necessary. After complete dissection of the epidural component, the ribs are disarticulated, and the tumor (with the involved chest wall) is gradually mobilized. At this point, all of the segmental vessels are identified, doubly ligated, and transected. In addition, the parietal pleura is bluntly dissected along the anterior border of the spinal column. The tumor (with the involved chest wall) has remained attached to the inferior trunk of the brachial plexus. An attempt is made to spare the T-1 nerve root as it crosses beneath the angle of the first rib to join the C-8 nerve root. At this point, the specimen is completely excised from the surrounding structures and removed from the operative field. Vertebrectomies are then completed using the high-speed drill (Fig. 1) . Reconstruction of the anterior spinal column is achieved with methylmethacrylate by using the chest tube technique. [5, 7] The placement of anterior cervical locking plate and screws is followed by the placement of posterior instrumentation in which hooks and rods, cervical lateral mass plates, and/or Wisconsin spinous process wires are used (Fig. 2) . After decortication of the laminae and transverse processes, allograft bone and Grafton are packed dorsally to promote fusion. Fig. 2 . Artist's illustrations of the dorsal and dorsolateral view of the spinal column showing a T1-3 laminectomy and corpectomy as well as an anterior column reconstruction with methylmethacrylate. Dorsal fixation has been performed using lateral mass plates and screws at C5-7 combined with pedicle hooks at T-6 and transverse process hooks at T4-5 bilaterally. Cervical locking plate and screws have been used for C7-T4 fixation, anteriorly.
ILLUSTRATIVE CASE
left apical mass. Using a CT guidance a needle biopsy sample of the lesion was obtained, which proved to be non-small cell lung carcinoma. Subsequently, the patient underwent a posterior operation in which laminectomy, further sampling of the tumor, and decompression of the neural elements were performed. Postoperatively she underwent radiotherapy (30 Gy) and chemotherapy (cisplatin and vinblastin). Her pain improved in the axilla; however, she experienced residual weakness involving the hand intrinsics. More recently, she began complaining of pain in the intrascapular region and was then transferred to our institution for further care.
Examination.
A CT scan revealed a tumor that involved the apex of the lung on the left side with invasion of the chest wall and extension of the tumor into the T-1 and T-2 vertebral bodies and through the T1-2 foramen (Fig. 3) . We believed that this was a surgically resectable lesion, and the patient agreed to undergo a combined thoracic/neurosurgical procedure. Operation. The patient underwent the surgical procedure as previously described. After induction of general anesthesia, bronchoscopy revealed no evidence of endobronchial lesions or extrabronchial compression. During the posterolateral thoracotomy, performed by the thoracic surgeons, no evidence of intrathoracic metastases was found. The lesion was identified posteriorly along the fourth through first ribs. These ribs were divided, and an apical segmentectomy was performed. A midline posterior incision was then made, which was connected to the thoracotomy incision. The tumor extended into the paraspinal musculature in the upper thoracic region. Wide T-1, T-2, and T-3 laminectomies were performed, which allowed identification of the epidural mass. The C-8 and T1-3 nerve roots were identified. Because the T-1 nerve root was grossly involved with the tumor, it was transected. More rostrally, the C-8 nerve root was preserved completely. The ribs were then disarticulated, and the chest wall tumor was removed. Because the tumor extended into T-1 and T-2 vertebral bodies, we performed a two-level vertebrectomy. Reconstruction of the spinal column was then performed as described previously. The patient underwent placement of a methylmethacrylate construct and a cervical plate anteriorly; this was followed by posterior segmental instrumentation that included lateral mass screws in C5-7, hooks in T4-6, and rods (Fig. 4) . Fig. 4 . Anteroposterior (left) and lateral (right) radiographs obtained in a patient with a left superior sulcus tumor who underwent first to third rib resection, apical lobectomy, T1-3 laminectomy, T-1 and T-2 vertebrectomy, and reconstruction with methylmethacrylate. Posterior fixation was achieved using cervical lateral mass plate and screws, thoracic hooks, and rods, whereas supplemental anterior instrumentation was performed using a laterally placed cervical locking plate and screws.
The patient remained hospitalized for 5 days postprocedure. She did well, with near complete resolution of her interscapular pain, but continued to experience intrinsic weakness of the left hand, which improved with occupational therapy. The patient completed her course of postoperative radiation therapy. At the time of writing is approximately 14 months since her surgery, and there is no evidence of tumor recurrence.
RESULTS
Overall characteristics of the patients are provided in Table 1 . There were six men and three women, with a mean age of 55 years (range 36-72 years). Tumor histology included squamous cell carcinoma in three patients, adenocarcinoma in four patients, and other large cell carcinomas in two patients. The mean follow-up period was 16 months (range 4-36 months). Six patients are still alive at an average of 15 months postsurgery. All patients are currently ambulatory or remained ambulatory until they died. Pain related to tumor invasion improved in four patients, whereas it remained unchanged in five. In three patients the instrumentation failed and required revision. There was one case of cerebrospinal fluid leak that was treated with lumbar drainage and one case of wound breakdown that required surgical revision. Two patients experienced local tumor recurrence, and one patient developed a second primary lung tumor.
DISCUSSION
We believe that in performing the surgical technique described in this study, gross-total resection of stage IIIb superior sulcus tumors is feasible in properly selected patients. Our results are preliminary and are based on our experience in treating a small group of patients. Until further studies are conducted, the absolute utility of this technique will remain unclear. What is known is that, historically, patients with these tumors have undergone radiation therapy and/or chemotherapy with, at best, modest results. [12, 18] In traditional management, pain control is generally poor and neurological decline is common.
Our results demonstrate that pain related to tumor invasion can be improved in some patients who undergo aggressive management. Furthermore, no case of neurological decline was demonstrated in our patients, with the exception of the expected results following sacrifice of a nerve root. The most serious postoperative complication was hardware failure, and all three cases occurred in patients whose posterior fixation involved the use of spinous process wires. We are currently achieving segmental stabilization by using lateral mass screws in the cervical spine and hooks in the thoracic spine, and there have been no hardware complications associated with this type of instrumentation.
In a review of the literature on the surgical resection of advanced Pancoast tumors we found several small series. [3, 4, [9] [10] [11] DeMeester, et al., [3] have described a technique for resecting tumors that were adherent to the spine. Through an extended posterolateral thoracotomy, they performed a tangential osteotomy at the junction of the pedicle and the costal facet. The entire tumor, including the involved portions of chest wall, lung, and vertebral body, was then removed en bloc. We believe that a partial vertebrectomy is suboptimal in patients who have vertebral body invasion if gross-total excision is the goal.
In two reports, Grunenwald and associates [9, 10] have described an innovative technique in which vertebrectomy is performed for en bloc resection of superior sulcus tumors that invade the vertebral column. They initially performed a three-step procedure: an anterior cervical approach, a posterolateral thoracotomy, and finally, a posterior approach. During the third stage, the spinal column was transected using a Gigli saw to cut the vertebral end plates, thus allowing the tumor to be removed en bloc. The vertebral column was reconstructed anteriorly with autologous clavicle graft and with the placement of plates and screws posteriorly. More recently, Grunenwald and associates [10] have described a two-stage procedure, consisting of anterior cervicothoracic and median posterior approaches, that achieves the same goal. The original report by these authors included results on two patients who underwent total vertebrectomy for en bloc resection of Pancoast tumors. One patient experienced a local recurrence at 18 months, and the other patient died 5 months after surgery. An updated report included 12 patients in whom surgery was performed for Pancoast tumors, although it is unclear how many patients required total vertebrectomy. [10] The technique described by Grunenwald and associates [10] may represent a superior method of resection because it respects the basic principles of oncological surgery. We agree that en bloc resection is preferable and should be performed whenever feasible; however, we have chosen to perform a gross-total resection by using the high-speed drill to complete the vertebrectomies because we believe that this to be a safer technique. The distinction between en bloc and gross-total resection may not be critical in the patient population of this study because of the extent of their disease. In many of our patients there was extensive tumor invasion near the brachial plexus that required meticulous dissection to peel the tumor away from the nerve structures. In these patients, en bloc resection would probably necessitate sacrificing a portion of the brachial plexus. We consider the gross-total resection of tumor in these patients to be an appropriate goal, whereas en bloc resection may be feasible in patients in whom tumor involvement is less extensive.
CONCLUSIONS
Although the treatment of Pancoast tumors that extensively invade the vertebral column remains controversial, we believe that with the advances in surgical technique and spinal reconstruction, complete resection is possible in a greater proportion of these patients than was previously thought. In our series postoperative complications were not insignificant; therefore, a comprehensive evaluation and careful patient selection is required prior to any surgical intervention. A multidisciplinary approach and comprehensive preoperative evaluation are required to achieve successful resection.
